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alter specificity. The structure of the double mutant
shows how catalytic competency is maintained despite
spatial reorganization of the active site with respect to
substrate.
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Ann Arbor, Michigan 48109 notwithstanding, the broader use of aldolases as tools
for organic chemistry is limited by restricted substrate
profiles. Rational redesign of an enzyme active site,
Summary based on knowledge of enzyme structure, offers the
possibility of routine, clean, rapid, high yield and stereo-
Background: Aldolases are carbon bond-forming en- specific organic synthesis using non-natural substrates.
zymes that have long been identified as useful tools for Despite initial optimism and some notable successes,
the organic chemist. However, their utility is limited in the rational redesign of enzyme active sites is at this
part by their narrow substrate utilization. Site-directed time not feasible for the vast majority of enzymes; such
mutagenesis of various enzymes to alter their specificity failures highlight our rudimentary understanding of rela-
has been performed for many years, typically without tionships between protein structure and activity.
the desired effect. More recently directed evolution has Attention has turned to directed evolution as a means
been employed to engineer new activities onto existing of engineering new protein activities [4–6]. This ap-
scaffoldings. This approach allows random mutation of proach makes no assumptions regarding structure–
the gene and then selects for fitness to purpose those function relationships, but rather it alters residues ran-
proteins with the desired activity. To date such ap- domly and selects sequences on the basis of function.
proaches have furnished novel activities through multi- The number of permutations of even a short protein is
ple mutations of residues involved in recognition; in no enormous: one molecule each of all the possible combi-
instance has a key catalytic residue been altered while nations for 40 residues (1 3 1052) would require approxi-
activity is retained. mately the entire mass of the earth. Thus selection of
segments of proteins for mutation is often used to limit
Results: We report a double mutant of E. coli 2-keto-3- the total number of mutants [7]. Such selection pro-
deoxy-6-phosphogluconate aldolase with reduced but cesses often exclude conserved key catalytic residues.
measurable enzyme activity and a synthetically useful
a/b barrel enzymes have been identified as particularly
substrate profile. The mutant was identified from di- suitable targets for directed evolution because of the
rected-evolution experiments. Modification of substrate spatially segregated recognition and catalytic residues
specificity is achieved by altering the position of the [7]. In all cases to date, the evolved proteins contain
active site lysine from one b strand to a neighboring mutations in residues that are thought to be involved
strand rather than by modification of the substrate rec- directly or indirectly in the recognition of the substrate
ognition site. The new enzyme is different to all other rather than a change of the key catalytic acid or key
existing aldolases with respect to the location of its catalytic base.
active site to secondary structure. The new enzyme still E. coli 2-keto-3-deoxy-6-phosphogluconate aldolase
displays enantiofacial discrimination during aldol addi- (KDPG aldolase, E.C.4.1.2.14) catalyses stereospecific
tion. We have determined the crystal structure of the re-face addition of a pyruvate enamine to a range of
wild-type enzyme (by multiple wavelength methods) to electrophilic substrates, yielding 4-substituted (S)2-
2.17 A˚ and the double mutant enzyme to 2.7 A˚ resolution. keto-4-hydroxybutyrates [8, 9]. Unlike the dihydroxyace-
tone phosphate aldolases, KDPG aldolase apparently
Conclusions: These results suggest that the scope of operates exclusively under kinetic control, providing
directed evolution is substantially larger than previously stereochemically pure products [10] (Figure 1). Despite
envisioned in that it is possible to perturb the active site a usefully broad substrate specificity, the enzyme fails
residues themselves as well as surrounding loops to to convert electrophilic substrates that lack polar func-
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st-and.ac.uk). Key words: enzyme catalysis; Schiff base; crystal; chemical syn-
thesis¶ These authors contributed equally to this work.
Structure
2
Figure 1. The Reaction Catalyzed by KDPG
Aldolase
tionality at C2, C3, or C4 and nucleophilic substrates the Ca backbone, these apparently large differences
reflect errors in the P. putida structure rather than realother than oxobutyrate or fluoropyruvate.
structural differences between the enzymes.The X-ray structure of KDPG aldolase from Pseudo-
The axis of the three barrels lie in a plane at rightmonas putida was solved to 3.5 A˚ [11] and refined to
angles to the noncrystallographic three-fold axis (Figure2.8 A˚ in 1982 (coordinates not deposited) [12]. The en-
2). The same organization was seen in a different crystalzyme is the classical TIM barrel arrangement [13]. The
form in the P. putida structure. The trimer buries a total ofKDPG aldolase from P. putida is a trimer in the crystal
approximately 3300 A˚2 (1100 A˚2 per interaction monomerand is the only trimeric aldolase currently known [14].
interaction) of the surface area and is composed of 8 HThe enzymes from P. putida and E. coli are closely re-
bonds and 57 van der Waals interactions. These valueslated and share 45% sequence identity.
are at the low end of the range seen for multimer interac-We report here a double mutant of the E. coli KDPG
tions. Dynamic light scattering identifies a single solu-aldolase in which the position of the active site has been
tion species with a weight of 54 kDa (versus 44 kDa forsignificantly altered. The K133Q/T161K double mutant
a dimer and 66 kDa for a trimer) and this on its own ishas reduced catalytic efficiency relative to wild-type
inconclusive but indicates a solution multimer. Weightprotein but demonstrates a considerably altered sub-
determined from light scattering assumes the moleculestrate profile. X-ray crystal structures of both the wild-
is a sphere and the trimer is not spherical. The sametype enzyme and the double mutant provide a structural
trimer has been seen for two different but related en-basis from which to rationalize the retention of enzy-
zymes in two different crystal packing arrangements.matic activity.
Neither of the crystal packing arrangements can give
rise to a dimeric molecule. This suggests the enzyme isResults and Discussion
trimeric in solution. The other possibility is that some
uncharacterized solution dimer dissociates to form aStructure Determination
trimer only in the crystalline state, an explanation thatThe coordinates of the P. putida enzyme were kindly
we do not favor. A mainly conserved Pro-152 from thesent to us by Professor Tulinsky. Differences in the struc-
end of helix a6 of one monomer sits at the entrance totures of the enzymes confounded our molecular replace-
the barrel of another monomer. It has no interaction with
ment approaches to structure determination. The wild-
any of the active site residues. The role of the trimer, if
type structure was determined by multiwavelength
any, in catalysis remains obscure.
anomalous dispersion methods using a selenomethio-
nine protein crystal on ID14–4 at the ESRF. Three-fold
Active Site of Wild-Type KDPG Aldolase
averaging and solvent flattening of the initial map led
The catalytic Lys-133 residue is inside the barrel and,
to a readily interpretable map into which the entire mole-
in common with all but two other Schiff base-forming
cule could be fitted. Refinement of the wild-type struc- aldolases, is found on b6 at the C-terminal (open) end
ture proceeded smoothly against a 2.17 A˚ wild-type data of the barrel (Figure 2). One exception is trans-aldolase
set. A citrate molecule from the crystallization buffer [16], where it is found on strand b4. However, there is
was found at the active site of the enzyme. convincing evidence that circular permutation of the
gene has occurred and, in a structural sense, the lysine
Wild-Type Structure Description is found in the same place [16]. The second enzyme
The enzyme is a trimer, each monomer being an a/b is 5-aminolaevulinic acid dehydratase where the Schiff
barrel (Figure 2). The enzyme is a simple barrel with an base-forming lysine is shifted relative to the secondary
additional long helix at the N terminus that caps the structural elements [17]. This enzyme appears to be a
barrel. The C-terminal helix is slightly distorted and does combination of class II and class I aldolases and may
not pack against the b sheets. The overall enzyme topol- not belong to the class I superfamily. The mechanism
ogy is essentially that of the P. putida enzyme and other of this hybrid aldolase is unclear.
a/b enzymes. After a sequence alignment (45% identity) The active site of KDPG aldolase is lined with residues
the residue, by residue rms deviations between 213 Ca Val-20, Glu-45, Arg-49, Thr-73, Phe-135, and Thr-161.
atoms of the P. putida and E. coli enzyme, is 5.1 A˚. These residues all belong in highly conserved motifs of
Superposition of topologically equivalent regions, ignor- the KDPG family of aldolases. A citrate anion is found
ing sequence, gives an rms deviation of 1.7 A˚ for 177 at the active site (Figure 3) and makes hydrogen bonds
Ca atoms. The key lysine [15] in P. putida is located in to Glu-45, Arg-49, Thr-73, Lys-133, and Thr-161. Inter-
a different part of the structure than E. coli, and there estingly, there is a large hydrophobic pocket adjacent
are differences in assignment of sequence to secondary to the active site. The pocket is formed by the inner
structure elements. Given 45% sequence identity be- walls of the barrel and is quite large with a diameter of
tween the enzymes from P. putida and E. coli and the approximately 7–8 A˚. This pocket is lined with residues
Val-18, Val-20, Phe-90, Ile-92, Ile-112, and Cys-159.known aldolase fold and topological similarity between
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Although not the subject of this study, the structure
may have important mechanistic implications for Class
I aldolases. A unified mechanism of class I aldolases
has been proposed by two groups based on studies
with trans-aldolase [18] and fructose 1,6 bisphosphate
aldolase [19]; this mechanism proposes a principal cata-
lytic base and a secondary catalytic acid. In KDPG
aldolase, Glu-45 aligns with aspartic acids in both trans-
aldolase (Asp-17) and fructose 1,6 bisphosphate aldo-
lase (Asp-33). These Asp residues are the principal cata-
lytic bases in the other aldolases [18, 19], and we identify
Glu-45 as the principal base in KDPG aldolase. A glu-
tamic acid (187 in fructose 1,6 bisphosphate aldolase;
96 in trans-aldolase) acts as a catalytic acid-promoting
formation of the Schiff complex. This mechanism would
have to be adjusted to utilize a Tyr, which is now known
to be found at this position in N-acetylneuramic acid lyase
[20]. However, in all KDPG aldolases, this residue is a Gly
(114), which obviously cannot function as an acid.
The Creation of a New Active Site
Despite the remarkable activity of E. coli KDPG aldolase
against the pyridine carboxaldehydes, all KDPG aldo-
lases we have examined to date fail to convert benzalde-
hyde to the corresponding aldol adduct at a rate greater
than 0.01% that of glyceraldehyde-3-phosphate [10].
Accordingly, we set out to evolve an enzyme that gener-
ates 4-phenyl-4-hydroxy-2-ketobutyrate using the error-
prone PCR protocols previously described [21–23]. The
active site of the E. coli enzyme is contained in residues
131–168; we chose this segment of the protein for initial
mutagenesis studies. Systematic variation of the mag-
nesium and manganese concentrations as well as se-
quential restriction of each nucleotide at one part in
ten and addition of the universal base dITP provided
conditions where good production of DNA was obtained
with a misincorporation rate of one in 300 bases poly-
merized. At this level, a library of roughly 10,000 mutants
is required to observe each single mutant at least once
at the 99% confidence interval [24]. Our screen for enzy-
matic activity utilized horse liver alcohol dehydrogenase
in the presence of oxidized nicotinamide cofactor to
identify the production of a new secondary alcohol.
Three mutants showed activity significantly greater than
wild-type protein; sequencing identified these as single-
site nucleotide changes that code for mutations N168S,
T161K, and P160P. This latter silent mutation apparently
provides higher “activity” through more efficient protein
expression.
The wild-type enzyme structure shows a symmetrical
disposition of Thr-161 and Lys-133 about the putative
general base, Glu-45. This observation prompted us to
Figure 2. Structure of E. coli KDPG Aldolase consider the possibility that the enhanced ability of the
(a) Stereoplot of the Ca backbone of one subunit of KDPG aldolase. mutant protein to convert benzaldehyde arose from an
N and C termini and every 20 residues are labeled.
alteration of the position of the active site residue. Ac-(b) Ribbon plot of KDPG aldolase, oriented as in Figure 2a. b strands
cordingly, we prepared the double mutant K133Q/T161Kare labeled b1 to b8 and helices a1 to a10.
by site-directed mutagenesis. We chose not to examine(c) The trimeric arrangement of KDPG aldolase. Each monomer is
shown in ribbon representation with a different color for each. The the single T161K mutant as this enzyme would have
citrate molecule is shown in CPK, carbon atoms in black, and oxygen two possible active site lysines, two possible substrate
atoms in red to highlight the active site. profiles, and a single base. The double mutant protein
was active against KDPG in the lactate dehydrogenase-
coupled retroaldol assay of enzymatic activity. The
Structure
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Figure 3. The Active Site of KDPG Aldolase
(a) The final 2Fo-Fc difference electron den-
sity map for wild-type protein at 2.17 A˚ resolu-
tion is shown in blue chicken wire representa-
tion. Residues Lys-133 and Thr-161 are
shown superimposed in their final positions.
Nitrogen atoms are colored in blue, oxygen
in red, and carbon in gray.
(b) Fo-Fc difference electron density map is
shown in blue chicken wire representation
calculated for the K133Q and T161K double
mutant KDPG aldolase to 2.7 A˚ resolution.
The phases are calculated from a model that
has always had Ala residues at positions 133
and 161. The final 2Fo-Fc difference electron
density map for the double mutant is shown
in green chicken wire representation. Super-
imposed are the modeled positions of the
Gln-133 and Lys-161. Atoms are colored as
Figure 3a.
(c) Superposition of the active site of the dou-
ble mutant and wild-type enzyme. Residues
are shown in ball and stick and protein main
chain as a ribbon. The atomic coloring
scheme is as in Figure 3a. Carbon atoms of
wild-type enzyme are shown in dark gray and
carbon atoms of double mutant in the lighter
shade of gray. It is clear that the Ne atoms
of Lys-133 (wild type) and Lys-161 (double
mutant) end up close in space. The catalytic
base Glu-45 is also shown.
K133Q/T161K double mutant displays Michaelis–Menten Although in terms of enzymes with natural substrates
the values of kcat are low, they are synthetically useful.kinetics in the retroaldol assay of enzymatic activity [10],
yielding a Michaelis constant of 8 mM and kcat of 1.7 3 The double mutant protein displays a markedly altered
substrate specificity relative to the wild-type protein,1024 s21. The double mutant converts benzaldehyde with
a kcat of 1 3 1026 s21 and Km of 26.3 mM. The single with enhanced activity against pyridine carboxaldehyde,
benzaldehyde, and a-ketobutyrate (Table 1). Kinetic pa-K133Q mutant showed no aldolase activity in any assay.
Together these observations rule out the possibility of rameters were determined for both wild-type and mutant
enzymes for pyruvate and 2-oxobutyrate with 40 mMnonspecific general acid/general base catalysis. Specif-
ically, the observation of Michaelis–Menten kinetics re- 2-pyridine carboxaldehyde. As the enzyme does not tol-
erate concentrations of 2-pyridine carboxaldehyde abovequires specific turnover at a single active site. Reductive
alkylation unambiguously identifies the newly intro- 50 mM, we were not able fully saturate enzyme (Km 22
and 38 mM for wild type and mutant, respectively). Thusduced lysine at position 161 as forming a Schiff base.
Table 1. Substrate Specificity of Wild-Type and K133Q/T161K KDPG Aldolases
Substrate Vrel (WT)a Vrel (K133Q/T161K)a
Pyruvate/2-pyridine carboxaldehyde 100.0 100.0
Pyruvate/D-glyceraldehyde 51 5.3
Pyruvate/D-erythrose 4.1 7.9
Pyruvate/benzaldehyde ,1 13.2
Pyruvate/glycolaldehyde 2.0 ,1
Pyruvate/2-furaldehyde ,1 ,1
Pyruvate/L-threose 5.2 7.9
Pyruvate/valderaldehyde ,1 ,1
2-ketobutyrate/2-pyridine carboxaldehyde 1 129
3-fluoropyruvate/2-pyridine carboxaldehyde 1 13.2
a Rate of substrate conversion relative to rate obtained with the same enzyme using pyruvate and 2-pyrimidine carboxaldehyde. Experiments
were performed with 50 mM nucleophile and 50 mM electrophile concentrations, 25 mM KHPO4, pH 7.5, at 218C.
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the kinetic parameters we report for this series of experi-
ments are apparent. The kinetic analysis is further com-
plicated by the fact that both enzymes suffer substrate
inhibition. Wild-type aldolase shows a kcat value of 12.1 3
1023 s21 and a Km value of 10 mM for pyruvate. The
double mutant shows an equivalent Km value, although
kcat is reduced by roughly three orders of magnitude, to
4.6 3 1026 s21. The mutant protein also shows a reduced
Ki (6 mM) compared to wild-type enzyme (16 mM). Con-
version of 2-oxobutyrate by wild-type protein proceeds
with a kcat value of 2 3 1024 s21 and a Km of 9 mM.
Oxobutyrate is a significantly more efficient inhibitor of
the wild-type enzyme than pyruvate, showing a Ki value
of 4 mM. Thus the reduction in Vrel of wild-type protein
we have previously reported at high-substrate concen-
tration arises at least partially from enhanced inhibition
by the unnatural nucleophile, in addition to a diminution
in catalytic activity. For oxobutyrate, the mutant protein
shows a reduction in kcat of 102, to 3.0 3 1026 s21, but
comparable values of Km 11 mM (Ki 5 mM). To assess
both the sense and level of asymmetric induction pro-
vided by the double mutant, a preparative scale addition
of pyruvate to 2-pyridine carboxaldehyde was carried
out according to our previously published protocols
[10]. By comparison to authentic material of known ab-
solute configuration, the double mutant yields the
S-4-hydroxy-a-ketobutyrate with an optical purity of
32%. The enantiofacial selectivity observed is remark-
able given the significant alteration of the enzyme ac-
tive site.
The Structure of the Double Mutant
We have determined a 2.7 A˚ structure of the double
mutant. The X-ray data are important; they confirm that
the mutant has the same fold as the wild-type material
and that the nonmutated residues that form the active
site are in essentially the same position in the double
mutant as the wild-type protein. The new active site is
shown in Figure 3. A citrate molecule is still bound at
the active site, although some adjustment in its position
occurs as it now makes a salt contact with Lys-161
(Figure 3). A simple model of the Schiff base complex
of KDPG aldolase was derived from the trapped Schiff
base structures of trans-aldolase [18] and the fructose
1,6 bisphosphate aldolase substrate complex [19]. This
model confirms that Glu-45 is the principal catalytic
base in wild-type KDPG aldolase. The model also indi-
cates that the conserved Arg-49 plays a role in binding
the terminal phosphate of the “natural” electrophilic
substrate. These findings are consistent with the current
accepted model of aldolase function. The model also
suggests that the hydrophobic pocket close to the active
site lysine might accommodate large and/or nonpolar
electrophilic substrates (viz. 2-pyridine carboxalde-
hyde). An equivalent model of the double mutant sug-
Figure 4. Mass Spectometry of the Protein and Covalent Adducts (b) MALDI-TOF mass spectrum of the complete trypsin digest of
(a) MALDI-TOF mass spectrum of intact pyruvate-labeled double the pyruvate (i) unmodified and (ii) modified double mutant. The extra
mutant KDPG aldolase with trapped Schiff’s base. The modified peak in (ii) at 1481.9 Da corresponds to the aa 158–170 sequence
protein (which contains the hexahistidine tag) displays a mass shift containing a reduced pyruvate adduct. Trypsin does not cut after
relative to unlabeled hexahistidine tagged protein consistent with the pyruvate-modified Lys. This signal is absent in the unlabeled
a single reduced pyruvate adduct addition (173 Da). protein where trypsin does cut after Lys-161.
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Table 2. Crystallographic Data
Wild-Type Data Seta Double Mutant Data Seta MAD Data Seta
Wavelength (A˚) 0.87 0.933 l1 2 0.9794 l2 5 0.9798 l3 5 0.9393
Resolution (A˚) 30–2.26 67–2.7 30–2.5 30–2.5 30–2.5
Highest shell (A˚) 2.37–2.26 2.85–2.70 2.56–2.50 2.56–2.50 2.56–2.50
Space group P212121
Cell constants (A˚) a 5 53.2, b 5 77.8, c 5 146.8 a 5 54.8, b 5 84.5, c 5 135.0 a 5 55.1, b 5 84.2, c 5 134.2
a 5 b 5 g 5 908 a 5 b 5 g 5 908 a 5 b 5 g 5 908
Unique reflections 27,601 17,894 22,040 18,160 27,901
I/s 18 (4.0) 6.3 (2.8) 21.9 (9.6) 21.4 (6.3) 23.0 (8.3)
Average redundancy 5.1 (2.5) 3.3 (3.4) 2 (1.5) 2.1 (1.5) 1.98 (1.3)
% Completeness 94 (80) 99.8 (100) 92.7 (69.1) 93.7 (75.3) 88.2 (56.5)
% Anom completeb 84.4 (54.6) 84.3 (58.1) 87.4 (74.5)
R-mergec 5.7 (14.2) 8.7 (25.6) 5.4 (10.0) 6.3 (15.1) 5.5 (10.6)
f9/f† — — 26.2/6.0 210.2/3.06 23.02/4.4
Number of sites — — 10
Figure of merit — — 0.54
Refinement % of residues in
the most favored
R/R-free Average RMSD B-factor deviation Ramachandran No. of
(%)d B-factor (A˚) Bonds (A˚)/angles (8) Bonds/angles (A˚2) region nonhydrogen atoms
Native 19.5/25.1 19 0.017/1.86 1.15/1.71 89.6 5,246
Mutant 23.8/27.6 35 0.0063/1.32 1.19/1.98 91.3 4,881
a Values in parentheses refer to the highest resolution shell.
b Completeness calculations treat F1 and F2 as separate observations and are based on data used in MAD calculation.
c Rmerge 5 SSI(h)j 2 ,I(h)./SSI(h)j where I(h) is the measured diffraction intensity and the summation includes all observations.
d R is the R-factor 5 SjFoj 2 SjFcj/SjFoj. R-free is the R-factor calculated using 5% of the data that were excluded from the refinement.
gests Glu-45 remains the principal catalytic base as we activity. Directed evolution, by mimicking the natural
process, relies on selection of a protein with a newhad predicted. There is no other residue close to Lys-
161 that is capable of performing this function. In the activity from a large array of possible proteins. A number
of recent studies have highlighted the power of thisdouble mutant model the electrophilic substrate is
shifted away from the hydrophobic pocket, effectively approach; however, these all have maintained the key
catalytic residue.enlarging the size of the pocket and changing its elec-
tronic character. Together, these changes cause a sig- We have isolated a single mutant from a directed
evolution experiment in which a new catalytic lysinenificant difference in both the substrate specificity of
the double mutant enzyme and the level of asymmetric appeared to have evolved allowing an altered substrate
profile. We tested this by mutating the original activeinduction observed during aldol addition.
This work represents the first instance where directed site lysine to a catalytically incompetent glutamine resi-
due. The resulting double mutant indeed retains its origi-evolution has successfully relocated the key catalytic
residue. In contrast to all other characterized class I nal activity but now exhibits a substantially different
substrate profile. Crystal structures of the double mutantaldolases, this new enzyme has the key lysine on strand
7 of the b-barrel (Figure 2). This migration of the lysine and the wild-type enzyme show clearly that the new
active lysine is shifted to another b strand and thusoccurs with a concomitant decrease, but not abolition,
of activity. More importantly, the migration significantly repositions the catalytic site with respect to the second-
ary structural elements. The structural studies show howbroadens the substrate profile of the enzyme, an alter-
ation that enhances the utility of the enzyme for organic the enzyme maintains catalytic activity and suggests
how the alteration in substrate profile arises. This newsynthesis.
aldolase is different from all other class I aldolases,
where the position of the active site lysine is tightlyBiological Implications
conserved with respect to the secondary structure. We
suggest a parallel with natural evolution where an en-The making and breaking of carbon bonds is of key
importance in both biology and chemistry. The control zyme needs to evolve a very different active site without
losing its original activity. We believe these results signif-of the bond formation is especially important as it deter-
mines the chirality and thus almost invariably the biologi- icantly increase the scope for directed evolution to be
used as a protein engineering tool.cal activity of the compounds. Biology has evolved the
aldolase class of enzymes that carry out such transfor-
Experimental Proceduresmation with exquisite stereochemical control. Our work
concerns the class I aldolases that rely on a single lysine
Preparation of the Libraryas the key catalytic residue. Synthetic chemistry has
A Bluescript II SK plasmid containing the E. coli KDPG aldolase
sought to harness and adapt these enzymes to make gene at the EcoRV site was transformed into chemically competent
chiral molecules. However, rationally designed point CJ236 cells [25]. Single-stranded pTC191 was then isolated using
M13K07 bacteriophage grown on CJ236 cells. The presence andmutations often fail to produce proteins with the desired
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purity of the single-stranded pTC191 was checked via agarose gel in a total volume of 50 mL. The digested PCR product was then
transformed into XL-10 Gold ultracompetent cells (Stratagene). Se-electrophoresis. The following primers were then prepared: (NsiI)
GAAAAGCGTGCTATGCATCGG and (AflII) GGACTACGGTCTTAAG quencing of the resulting plasmid indicated the present of the K133Q
mutation. This mutated plasmid was subjected to similar conditionsGAGTTCAAATTC. The primers were annealed to the single-stranded
plasmid by first incubating at 808C for 5 min and cooling to room to produce the second mutation (T161K). The mutagenic primers
were CCGTTTCTGCCCGAAAGGTGGTATTTCTCC and GGAGAAAtemperature. T4 DNA polymerase and T4 DNA ligase were then
added and then incubated at 08C for 5 min, at room temperature TACCACCTTTCGGGCAGAAACGG. Sequencing of the resulting
plasmid showed the presence of both mutations (T161K/K133Q).for 5 min, and at 378C for 90 min. The newly constructed plasmid
was then transformed into chemically competent XL-1 Blue cells.
Digestions and sequencing revealed the presence of the two new Kinetic Characterization
restriction sites, NsiI and AflII. In separate tubes, double mutant aldolase (approximately 0.65 mg)
A library of mutants was created by using an error-prone PCR was mixed with KDPG and diluted to 2.5 ml with KHPO4 buffer (50
reaction with pTC191 containing NsiI and AflII restriction sites. mM, pH 7.5). The following KDPG concentrations were used: 0.5,
pTC191 (100 ng), Taq buffer (5 ml 10X, Gibco), MgCl2 (6.8 ml, 50 mM), 1, 2, 10, 20, and 50 mM. At appropriate times, 100 ml aliquots were
MnCl2 (5.0 ml, 5 mM), aldolase primer I (CCGATGCATAG taken from each sample, and the aldolase in each fraction was
CACGCTTTTC, 10 pmoles), aldolase primer II (GGACTACGGTCT inactivated with 20 ml HClO4 (7%). After 15 min, 30 ml NaOH (1 M)
TAAGGAGTTCAAATTC, 10 pmoles), dITP (0.2 ml, 200 mM), dATP was added to neutralized the fraction. The concentration of pyruvate
(0.01 ml, 200 mM), dCTP (0.1 ml, 200 mM), dGTP (0.1 ml, 200 mM), was then determined in each fraction. Into 1.5 ml KHPO4 buffer (50
dTTP (0.1 ml, 200 mM), and Taq polymerase (1 unit, Gibco) were mM, [pH 7.5]) in a plastic cuvette, 20 ml b-NADH (15 mg/ml, Sigma)
combined to a total volume of 50 ml. The thermocycler (Perkin-Elmer and 50 ml sample aliquot was added. Five absorbance readings (340
GeneAmp PCR system 2400) was programmed for the following nm) were taken and averaged. L-lactic dehydrogenase (2 ml, 16
cycles (50 cycles total): 45 s at 948C, 30 s at 558C, 90 s at 728C. The units, Sigma) was added to the sample, and five additional ab-
PCR product (library) was then subjected to overnight digestion with sorbances were taken. The difference in the averages of the two
NsiI and AflII restriction enzymes. Plasmid for ligation was prepared readings determined the concentration of pyruvate. Pyruvate con-
by digesting with NsiI and AflII and dephosphorylating with alkaline centrations were determined at time points appropriate to the kcat of
phosphatase (calf intestine, 0.1 units, NEB). This digested plasmid the enzyme. In some cases this meant monitoring over two 48-hr
was then purified with agarose gel electrophoresis and a Qiaquik periods. The high-enzyme concentrations used (up to 40 mM) enable
gel extraction kit (Qiagen). The library was ligated into the plasmid meaningful results to be derived even when kcat is very low. From the
using T4 DNA ligase (2000 units, NEB), T4 ligase buffer (10X, NEB), initial rate of pyruvate appearance, Km and kcat could be calculated.
and a DNA mole ratio of 3:1 library:plasmid.
Substrate Specificity of T161K/K133Q Mutant Aldolase
Screening of the Library
In a 1.7 ml centrifuge tube, T161K/K133Q mutant aldolase (0.72 mg),
Litigated plasmid was transformed in XL-1 blue E. coli cells and
250 mM electrophile (100 ml), and 250 mM nucleophile (100 ml) were
plated out on Luria Broth antibiotic agar plates. The agar plates
added to a final volume of 500 ml using 50 mM KHPO4 buffer (pHwere sliced so there were 20 colonies per plate. The slice was
7.4). Following the addition of the aldolase, 25 ml aliquots were taken
then rinsed into a 96-well plate with 0.75 ml Luria broth containing
at various times and added to HClO4 (10 ml, 7%). To neutralize, 5gluconate (0.5%). The plate was then incubated at 378C and shaken
ml of the sample was added to 1.5 ml KHPO4 buffer (1.5 ml [pH 7.4])overnight. Reference stock (500 ml) was removed and placed into
in a plastic cuvette. To the cuvette, b-NADH (20 ml, 15 mg/ml) was
a separate 96-well plate containing 500 ml glycerol and stored at
added. Three adsorbance readings (340 nm) were taken and aver-
–808C. The remaining stock was centrifuged and the supernatant
aged. L-lactic dehydrogenase (2 ml) was then added to the cuvette.
decanted. The cells were lysed with 80 ml lysing solution (20 mM
After 2 min, three additional absorbance readings were taken and
KHPO4 [pH 7.6], 0.1% Triton X-100, 0.2 mg/ml lysozyme, and 10 mg/ averaged. For nucleophiles other than pyruvate, the sample was
ml DNase) by shaking overnight at 48C. The supernatant containing
allowed to incubate 5 min. Pyridine carboxaldehyde was the best
the protein was transferred to a fresh 96-well plate. To each well
electrophile studied and was used as the reference for the other
20 mM KHPO4 buffer (800 ml [pH 6.5]), benzaldehyde (5.8 ml, Aldrich), substrates. The data are shown in Table 1.
and pyruvate (50 ml, 0.1 mg/ml, Aldrich) was then added. A time zero
sample (100 ml) was then removed and pipetted into a black walled
Km/kcat Calculations of T161K/K133Q Mutant KDPG Aldolase96-well plate. The enzyme was inactivated with HClO4 (30 ml, 7%).
with 2-Pyridine Carboxaldehyde/PyruvateAfter 10 min, the solution was neutralized with NaOH (20 ml, 1 M).
In a 0.5 ml centrifuge tube, T161K/K133Q mutant aldolase (0.24 mg),To each well, b-NAD1 (25 ml, 15 mg/ml, Sigma) was added. The
200 mM pyruvate (50 ml, Sigma), and various amounts of 200 mMfluorescence of each well was measured (excitation at 365 nm and
2-pyridine carboxaldehyde (Aldrich) were mixed to a final volumeemission at 450 nm). Alcohol dehydrogenase (equine liver, 25 ml, 0.15
of 200 ml with 20 mM KHPO4 buffer (pH 7.4). The following finalunits) was added to each well and incubated at room temperature for
concentrations of 2-pyridine carboxaldehyde were studied: 1, 5, 10,2 hr. A final fluorescence reading was taken for each well. A similar
25, 50 mM. After the addition of the mutant aldolase, 5 ml of the100 ml sample was removed and treated after 4 days. Enzyme activity
reaction was removed and added to 20 mM KHPO4 buffer (1.5 mlwas determined from the difference in 4-day and time zero fluores-
[pH 7.4]) in a plastic cuvette. To the cuvette, b-NADH (20 ml, 15 mg/cence. Twelve wells appeared to have fluorescence increases larger
ml) was added. Pyruvate concentration was determined as de-than three standard deviations from the average. The twenty clones
scribed above. From the initial rate data, the KM and kcat constantsin each of the three best wells were deconvoluted in a second round
were determined by a fit of the velocity versus substrate concentra-of screening at one colony per well. Three wells from this second
tion to the equation v 5 Vmax/(1 1 Km/[S] 1 [S]/KI). The Km for pyridineround of screening gave increased aldol product. Sequencing of
carboxaldehyde with wild type is 22.3 mM and for double mutantthese mutants gave the following separate mutations: T161K,
is 38.2 mM.P160P, N168S.
Site-Directed Mutagenesis of KDPG Aldolase Enzymatic Synthesis of 4-Hydroxy-2-Keto-4-(29pyridyl)butyrate
Sodium pyruvate (0.55 g, 5 mmol) was combined with 2-pyridineKDPG aldolase was inserted into a pET-30b(1) plasmid (Novagen)
between the NdeI and BamHI restriction sites. Mutagenic primers carboxaldehyde (0.55 g, 10 mmol) in 20 mM KHPO4 buffer (200 ml
[pH 7.5]). KDPG aldolase (wild type or mutant) was added, and thewere then prepared: GAAAGAGTTCCAGTTCTTCCCGGC and GCC
GGGAAGAACTGGAACTCTTTC. The primers were diluted to a con- solution was filtered through a 0.2 mm filter. Following the disappear-
ance of pyruvate the solution was lyophilized. The residue was dis-centration of 50 ng/ml. A PCR reaction was prepared containing
KDPG aldolase template [100 ng, pET-30b(1)], mutagenic primers solved in hot ethanol and precipitated at 2208C to yield the desired
product whose spectral characteristics were identical to previously(50 ng each), dNTPs (100 mM each), PfuTurbo buffer (5 mL 10X,
Stratagene), and PfuTurbo DNA polymerase (2.5 units, Stratagene) published values [26].
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to a final concentration of 8 mM. This solution was incubated at 48C
for 30 min. NaBH3CN was then added to a final concentration of 8
Received: August 29, 2000mM. This final solution was incubated overnight at 48C. The solution
Revised: October 20, 2000was then dialyzed against 100 mM NH4HCO3 buffer (250 ml [pH 8]).
Accepted: November 9, 2000For wild-type aldolase, the same procedure was used, except that
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References
MALDI-TOF Mass Spectrometry
Mass spectrometric studies were undertaken to confirm the new 1. Fessner, W.D., and Walter, C. (1997). Enzymatic C–C bond for-
lysine at position 161 as the catalytic residue. MALDI-TOF MS (Tof- mation in asymmetric synthesis. Top. Curr. Chem 184, 97–194.
Spec 2E, Micromass, Manchester, UK), using a-cyano-4-hydroxycin- 2. Wong, C.H., Halcomb, R.L., Ichikawa, Y., and Kajimoto, T.
namic acid in 35% acetonitrile, 65% 0.1% trifluoroacetic acid (TFA), (1995). Enzymes in organic synthesis—application to the prob-
and preincubated at 408C for 30 min as matrix, gave a shift in mass lems of carbohydrate recognition. Angew. Chem. Int. Ed. Engl
compared to untreated protein corresponding to modification by a 34, 521–546.
single pyruvate adduct (Figure 4a). The position of this modified 3. Gijsen, H.J.M., Qiao, L., Fitz, W., and Wong, C.H. (1996). Recent
lysine was identified by tryptic mass fingerprint analysis, utilizing advances in the chemoenzymatic synthesis of carbohydrates
the fact that such a modification of a lysine residue will block its and carbohydrate mimetics. Chem. Rev. 96, 443–473.
cleavage by trypsin. Treated and untreated double mutant enzyme 4. Arnold, F.H., and Volkov, A.A. (1999). Directed evolution of bio-
solutions were diluted to 0.5 mg/ml. Sequencing grade-modified catalysts. Curr. Opin. Chem. Biol. 3, 54–59.
porcine trypsin (Promega, Madison, WI, USA) (2 ml, 0.2 mg/ml) was 5. Reetz, M.T., and Jaeger, K.E. (2000). Enantioselective enzymes
added to 10 ml protein solution and the samples incubated overnight for organic synthesis created by directed evolution. Chem. Eur.
at 378C. The digested samples were diluted further by the addition J. 6, 407–412.
of 1% TFA (1:1) and the mass fingerprint obtained by MALDI-TOF 6. Affholter, J., and Arnold, F. (1999). Engineering a revolution.
MS, using a-cyano-4-hydroxycinnamic acid in 50% ethanol, 50% Chem. Brit. 35, 48–51.
acetonitrile as matrix. The pyruvate-modified double mutant yielded 7. Altamirano, M.M., Blackburn, J.M., Aguayo, C., and Fersht, A.R.
a new fragment corresponding to residues 158–170 with a reduced (2000). Directed evolution of new catalytic activity using the
Schiff’s base modification at the uncleaved Lys-161 in the treated alpha/beta-barrel scaffold. Nature 403, 617–622.
sample (Figures 4bi and 4bii). Similar results were also obtained on 8. Henderson, D.P., Shelton, M.C., Cotterill, I.C., and Toone, E.J.
digestion with Endo LysC proteinase (data not shown). The same (1997). Stereospecific preparation of the N-terminal amino acid
analysis was performed on wild-type protein. This identified a frag- moiety of nikkomycins KX and KZ via a multiple enzyme synthe-
ment corresponding to residues 131–144 with a reduced Schiff’s sis. J. Org. Chem. 62, 7910–7911.
base modification at the uncleaved Lys-133 in the treated sample 9. Henderson, D.P., and Toone, E.J. (1999). Carbohydrates and
and confirmed this as the catalytic residue (data not shown). their derivatives including tannins. In Cellulose, and Related
Lignins Comprehensive Natural Products Chemistry, Vol. 3,
Crystallography B.M. Pinto, ed. (New York: Elsevier), pp. 367–441.
A detailed account of expression, purification, and crystallization of 10. Shelton, M.C., Cotterill, I.C., Novak, S.T.A., Poonawala, R.M.,
both wild-type and selenomethioine protein has been published Sudarshan, S., and Toone, E.J. (1996). 2-keto-3-deoxy-6-phos-
[26]. Crystals belong to space group P212121 with cell dimensions phogluconate aldolases as catalysts for stereocontrolled car-
a 5 53.2, b 5 77.8, c 5 146.8 A˚, a 5 b 5 g 5 90.08. Details of the bon-carbon bond formation. J. Am. Chem. Soc. 118, 2117–2125.
wild-type data that were collected on PX 9.6 Daresbury are given 11. Mavridis, I.M., and Tulinsky, A. (1976). The folding and quater-
in Table 2. A multiple wavelength data set was recorded on ID14–4 nary structure of timeric 2-keto-3-deoxy-6-phosphogluconic al-
at the ESRF. The three wavelengths were chosen by an EXAFS scan dolase at 3.5 A˚ resolution. Biochem. 15, 4410–4417.
of the crystal. Data were integrated with DENZO and scaled with 12. Mavridis, I.M., Hatada, M.H., Tulinsky, A., and Lebioda, L. (1982).
SCALEPACK [27], treating Bijvoet pairs independently. The program Structure of 2-keto-3-deoxy-6-phosphogluconate aldolase at
SOLVE [28] was used to identify selenium positions and calculate 2.8 A˚ resolution. J. Mol. Biol. 162, 419–444.
phases. Ten out of a possible twelve selenium sites were found. 13. Banner, D.W., et al., and Waley, S.G. (1975). Structure of chicken
Cross-crystal averaging (wild-type data is nonisomorphous with sel- muscle triose-phosphate isomerase determined crystallographi-
enomethioine data), noncrystallographic three-fold averaging, and cally at 2.5 A˚ resolution using amino acid sequence data. Nature
phase extension with DM [29] against the 2.17 A˚ wild-type set gave 255, 609–614.
a map into which all 213 amino acids were traced. Refinement pro- 14. Fessner, W.D. (1998). Enzyme mediated C–C bond formation.
ceeded smoothly alternating between automatic refinement (CNS) Curr. Opin. Chem. Biol 2, 85–97.
[30] and manual intervention (O) [31]. Statistics on the final model 15. Grazi, E., Meloche, H., Martinez, G., Wood, W.A., and Horecker,
are shown in Table 2. B.L. (1963). Evidence for Schiff base formation in enzymatic
The double mutant enzyme was purified and crystallized in an aldol condensations. Biochem. Biophys. Res. Commun. 10,
analogous manner to the wild-type protein. The crystals proved to 4–10.
be extremely variable in quality with most not diffracting beyond 16. Jia, J., Schorken, U., Sahm, H., Sprenger, G.A., Lindqvist, Y.,
5.0 A˚. A 2.7 A˚ data set was collected on one crystal on ID14–2 at and Schneider, G. (1997). Crystal structure of transaldolase B
the ESRF. Molecular replacement with the wild-type trimer using from Escherichia coli suggests a circular permutation of the
AMORE [32] as implemented in CCP4 [33] identified one clear solu- alpha/beta barrel within the class I aldolase family. Structure 4,
tion. The resulting Fo-Fc difference density map positions the new 715–724.
side chains (Figure 3). The model was refined with NCS restraints 17. Erskine, P.T., et al., and Cooper, J.B. (1999). The Schiff base
throughout. The same indices as the wild-type 2.17 A˚ data were complex of yeast 5-aminolaevulinic acid dehydratase with lae-
used to create a free R set. Examination of the models and maps vulinic acid. Protein Science 8, 1250–1256.
shows no other significant change in the structure between wild- 18. Jia, J., Schorken, U., Lindqvist, Y., Sprenger, G.A., and Schnei-
type and double mutant. der, G. (1997). Crystal structure of the reduced Schiff-base inter-
mediate complex of transaldolase B from Eschericia coli: mech-
anistic implications for class I aldolases. Protein Science 6,Acknowledgments
119–124.
19. Dalby, A., Dauter, Z., and Littlechild, J.A. (1999). Crystal struc-We thank D. Sanders for assistance and NIH, BBSRC, and The
Wellcome Trust for support. E. J. T. is grateful to Professor Tyrrell ture of human muscle aldolase complexed with fructose 1,6-
Evolution of a New Aldolase
9
bisphosphate: mechanistic implications. Protein Science 8,
291–297.
20. Izard, T., Lawrence, M.C., Malby, R.L., Lilley, G.C., and Coleman
P.M. (1994). The three dimensional structure of N-acetylneuram-
inate lyase from Escherichia coli. Structure 2, 361–369.
21. Zhou, Y., Zhang, X., and Ebright, R.H. (1991). Random mutagen-
esis of gene-sized DNA-molecules by use of PCR with TAQ
DNA polymerase. Nucleic Acid Res. 19, 6052.
22. Spee, J., de Vos, W.M., and Kuipers, O.P. (1993). Efficient ran-
dom mutagenesis method with adjustable mutation frequency
by use of PCR and DITP. Nucleic Acid Res. 21, 777–778.
23. Chen, K., and Arnold, F. (1993). Tuning the activity of an enzyme
for unusual environments: sequential random mutagenesis of
subtilisin E for catalysis in dimethylformamide. Proc. Natl. Acad.
Sci. USA 90, 5618.
24. Hutchison, C.A., Nordeen, S.K., Vogt, K., and Edgell, M.H. (1986).
A complete library of point substitution mutations in the gluco-
corticoid response element of mouse mammary-tumour virus.
Proc. Natl. Acad. Sci. USA 83, 710–714.
25. Egan, S.E., Fliege, R., Tong, S., Shibata, A., Wolf, R.E., and
Conway, T. (1992). Molecular characterization of the Entner-
Doudoroff pathway in Escherichia coli: sequence analysis and
localization of promotors for the edd-eda operon. J. Bacteriol.
174, 4638–4646.
26. Buchanan, L.V., Mehta, N., Pocivavsek, S., Niranjanakumari, S.,
Toone, E.J., and Naismith, J.H. (1999). Initiating a structural
study of 2-keto-3-deoxy-6-phosphogluconate aldolase from
Escherichia coli. Acta Cryst. D55, 1946–1948.
27. Otwinowski, Z. (1996). Processing of X-ray diffraction data col-
lected in oscillation mode. Methods Enzymol. 276, 307–326.
28. Terwilliger, T.C., and Berendzen, J. (1999). Evaluations of mac-
romolecular electron-density map quality using the correlation
of local r.m.s. density. Acta Cryst. D55, 849–861.
29. Cowtan, K. (1994). Joint CCP4 and ESF-EACBM Newsletter on
Protein Crystallography 31, 34–38.
30. Bru¨nger, A.T., et al., and Warren, G.L. (1998). Crystallography &
NMR systems: a new software suite for macromolecular struc-
ture determination. Acta. Cryst. D54, 905–921.
31. Jones, T.A., Zou, J.H., Cowan, S.W., and Kjeldgaard, M. (1991).
Improved methods for building protein models in electron-den-
sity maps and the location of errors in these models. Acta Cryst.
A47, 110–119.
32. Navaza, J. (1994). AMORE: an automated package for molecular
replacement. Acta Cryst. A50, 157–163.
33. CCP4. (1994). The CCP4 suite: programs for protein crystallog-
raphy. Acta Cryst. D50, 760–763.
Accession Numbers
Coordinates and structure factors for the wild type and the mutant
have been submitted to the Protein Data Bank (accession codes
1FQ0 and 1FWR, respectively).
